Abstract
knowledge, the few works report the electrochemical behavior of CNFs as CE in DSSC based on 23 fibers with large diameters (200-250 nm) and a low graphitization degree. These are generally 24 synthesized by electrospinning and show promising performances [24, 25] In this work, herringbone CNFs characterized by small diameters (10-80 nm) and a high 3 graphitization degree are studied as counter electrode for DSSC. The high graphitic character of 4 CNF will provide good electron conduction, enhancing the electrode performance. On the other 5 hand, the herringbone structure will provide a high surface density of carbon edge active sites, 6 whereas thin nanofilaments will provide high surface area. Moreover, the main characteristics of 7 CNFs are susceptible to be tuned by the adequate choice of synthesis conditions. Here we have choice of CNFs appears as an economically interesting alternative for the CE of DSSCs.
15
As in a previous work from our group [33] , the photo-anode was prepared by using a very 16 simple procedure aimed to produce low cost components. In order to avoid side effects related to 17 the use of an efficient but complex photoanode layer, we have just focused our efforts on a simple 18 photoanode configuration to get information specifically related to the counter-electrode behaviour.
19
The photoanode consisted of a deposition of the TiO 2 layer on the F-doped SnO 2 (FTO) glass 20 substrates by a spray technique and successive heat treatment at 450°C, without any further process. 21 Usually, an optimized electrode is formed by using various procedures and treatments to give high 22 electrochemical performance [34] [35] [36] [37] [38] . FTO, after cleaning, is usually immersed in 40 mmol L Table 1 , varying from 6.0 nm to 9.6 nm.
8
Notice also that nickel related peaks (2θ of 44º, 52º and 54º) appear as low intensity contribution in other CNFs synthesized at higher temperatures (see also where j m and V m are the current density and the voltage for maximum power output, respectively.
4
All calculated parameters are summarized in Table 2 for the CNF-based counter electrodes. The 5 effect of CNF surface area and crystallinity on different parameters is reported in Fig. 6 . Notice that 6 the efficiency progressively increases with the BET surface area of CNFs (see Table 1 ), from 1. The performances here reported are in line with a previous study from our group concerning other 20 carbon materials and Pt-based counter electrodes [41] . 45° is observed for all cells at very low frequencies (Fig. 7) . This is indicative of a Warburg-like contributions from the FTO substrate layer, porous electrode material, current collector and 7 resistivity of the electrolyte. R s and R ct values are summarized in Table 3 . Unexpectedly, the CNF 8 prepared at low temperature (CNF550), characterized by the lowest graphitization degree, showed 9 the lowest R s . This could be due to a different compactness of the nanopowder, which is highly 10 influenced by the CNF diameter. Low temperature preparation route produces thin filaments (see 11   Table 1 ) leading to an electrode with a higher density than using thicker filaments. bulk resistivity decreases significantly with the increase of density (Fig. 8) ; yet, it is characterized 17 by the largest average diameter (63 nm, see Table 1 ), which influences negatively the compaction 18 degree. However, it is pointed out that this sample shows the highest intrinsic conductivity (see Fig.   19 4), due to its high graphitization degree, which determines the slightly lower R s value compared to 20 CNF650. Regarding the charge transfer resistance, R ct , it appears that this process is controlled by 21 the graphitization degree rather than porosity. Notice that in this one-dimensional type of carbon 22 materials, porosity is the result of the interstitial space among filaments, leading to wide pores in the 23 range of meso-macropores, as previously discussed. This essentially means that no significant 24 diffusion constraints are found in CNF-based counter electrodes and the electron transfer process is 25 controlled by the surface graphitization. The graphitization degree is favored at high temperature 1 preparation, as revealed from Raman spectroscopy and X-ray diffraction patterns (see Table 1 manufacturing may enhance the conversion efficiency but substantially increase the overall cost.
22
A short time-study was carried out in half-cell configuration using a conventional three- This operating condition corresponds to the iodine reduction at a rate close to that recorded in the 3 DSSC under I sc conditions. In Fig. 11 , the current density for I 3 -reduction at the carbon nanofibers-4 electrolyte interface shows a progressive decrease with time. However, the initial current is almost 5 re-gained after storing the cell for about 16 h without operation. Thus, the observed reversible loss conveniently addressed in the DSSC by using a thin electrolyte layer between the two electrodes. 
Conclusions

